We demonstrate the feasibility of intravascular ultrasound chirp imaging. Chirp excitations were emitted with a 34 MHz single crystal intravascular transducer and compared to conventional Gaussian modulated pulses of equal peak negative pressure. The signal to noise ratio of the chirp images was increased up to 9 dB. The method shows potential for intravascular imaging of structures in and beyond coronary atherosclerotic plaques.
INTRODUCTION
Atherosclerosis is a chronic systemic disease of the arterial wall and a leading cause of premature death worldwide [1, 2] . Most cardiac adverse events are the result of the rupture of a vulnerable atherosclerotic lesion and subsequent thrombosis in the coronary vascular tree. Artery wall lesions that are prone to rupture are referred to as vulnerable atherosclerotic plaques. The detection and identification of coronary vulnerable atherosclerotic plaques, which are candidates for intervention, remains a central issue in cardiac imaging. The vast collection of clinical data over the last decades at all stages of atherosclerosis allowed to identify predominant markers of plaque vulnerability such as the presence of an intraplaque lipid-rich necrotic core, cap core thickness and intraplaque hemorrhage [3] . It is additionally recognized that, as with tumors, the formation of new microvessels in the coronary artery wall is critical to the progression of plaques due to red blood cell leakage and constitutes an independent marker of plaque vulnerability [4] . These networks of microvessels in the artery wall, which are approximately 20 to 100 µm in diameter, are referred to as vasa vasorum (VV). A coronary cross section showing VV is illustrated in Figure 1 .
In consequence, any method capable of detecting and quantifying coronary VV could potentially discriminate between lesions at risk and benign ones. As of today, there are no clinically available tools for assessing the microvasculature of coronary artery plaques. Goertz et al. [5] reported the feasibility of a vasa vasorum imaging method combining intravascular ultrasound (IVUS) with an ultrasound contrast agent to reveal intraplaque microvasculature. By relying on the strong harmonic response of micron sized bubbles, which constitute the contrast agent, compared to tissue, this method showed potential for arterial wall microvasculature imaging [6, 7] .
In an effort to extend IVUS imaging depth to characterize coronary vasa vasorum in and beyond coronary plaques to their full extent, we evaluated the performance of IVUS chirp imaging. At similar mechanical index (MI), chirp excitations present the advantage of carrying more energy while maintaining a wide frequency bandwidth. As a result, backscattered signals are detectable deeper in tissue. At IVUS frequencies, ranging from 20 to 60 MHz, attenuation in cardiac tissue is of the order of 0.05 dB/mm/MHz. This corresponds to a net attenuation of 10 dB at 20 MHz and 30 dB at 60 MHz for pulse echo imaging of a 5 mm deep region of interest (see Figure 2 ). Chirp excitations have been successfully used to improve imaging depth at lower ultrasound frequency with external scanners [8, 9, 10, 11] . 
II. METHODS

A.
Chirp coded excitations Frequency swept chirp excitations were investigated for IVUS imaging. The frequency modulated time signal transmitted by the transducer can be formulated as , where is the amplitude modulation function (envelope) and is the phase modulation function. is defined in relation to the instantaneous frequency as for chirps with a logarithmic frequency sweep, where is the initial chirp frequency, is the final chirp frequency and is the signal duration, or as for chirps with a quadratic frequency sweep. In both cases, the frequency sweep band is defined as -.
B.
Experimental setup The experimental intravascular imaging system used for this study consisted of a mechanically rotated single element IVUS transducer mounted in a catheter assembly of 0.9 mm outer diameter ( Figure 3 ). The transducer was made of a PMN-PT single crystal material and had a square active surface of 0.5 x 0.5 mm 2 , a center frequency of 34 MHz and a -6 dB bandwidth of 58% [12] . The transducer was driven to emit subsequently conventional full band Gaussianmodulated ultrasound pulses at the center frequency and 60% -6 dB bandwidth and chirp excitations of equal peak negative pressure with a nonlinear instantaneous frequency sweep (quadratic or logarithmic) within the transducer bandwidth (24 to 44 MHz) using an arbitrary waveform generator (Tabor Electronics WW2571A). The chirp excitations had a duration of 0.5 μs maximum and were apodized with a 10% tapered Tukey window. Cross sectional scans of 360 lines per rotation (even 1° steps) were performed using a programmable motorized rotary stage (Steinmeyer GmbH & Co. KG). Both types of excitation were emitted at every angular position allowing the formation of co-registered IVUS images. Ultrasound data was recorded at a 350 MHz sample frequency with an Acqiris DP310 digitizer (Geneva, Switzerland) and processed off-line using Matlab® version R2007b.
A TPX® (polymethylpentene, trademark of Mitsui Chemicals) hollow cylinder containing 4 sub wavelength targets (15μm thick platinum/iridium wires) at a distance of 1.5, 3, 5 and 7 mm from the cylinder axis was manufactured to measure the axial resolution and the signal to noise ratio (SNR).
Next, an ex vivo rabbit aorta was imaged following the same protocol. The rabbit aorta was obtained from the Experimental Cardiology Department of the Erasmus Medical Center (MC) after sacrifice of the animal and imaged within 24 hours. The vessel was mounted on a polyoxymethylene (POM) holder immersed in a tank containing saline solution and screened performing an IVUS pullback (Boston Scientific iLab, Atlantis SR Pro catheter). Artery cross sections of interest were marked with thin metal wire reflectors evenly spaced on the plastic holder.
The experimental IVUS probe was introduced in the main lumen for all experiments. The radio-frequency (RF) data was band pass filtered, enveloped, log compressed and scan converted. Matched filtering (decoding) of the received RF lines by cross-correlation with the emitted chirp was performed to compress the chirp RF data. 
III. RESULTS
The TPX® wire phantom was imaged using 0.3 μs log sweep chirp coded excitations, using a frequency sweep of 18 MHz. The resulting images are displayed in Figure 4 with a dynamic range of 55 dB. Comparing the chirp coded excitation IVUS image to the Gaussian modulated pulse IVUS image, we measured a gain in SNR of 8dB for the closest wire and 9dB for the three others. The axial resolution (-6dB point spread function) of wire 2, which was the nearest to focus, was 106 μm for the Gaussian pulse and 153 μm for the chirp excitation after compression, corresponding to a 44% increase. The sidelobe level of the compressed chirp excitations was 23 dB below the level of the main lobe. The ex vivo rabbit aorta results were obtained using 0.5 μs quadratic chirp excitations with a frequency sweep of 20 MHz. A significant gain in SNR and a slight deterioration of the axial resolution were observed. The results ( Figure 5 ) are displayed with a dynamic range of 40dB. 
IV. DISCUSSION
We demonstrate the feasibility of intravascular ultrasound chirp imaging of human coronary atherosclerosis at intravascular ultrasound frequencies. Short chirp excitations were emitted with a 34 MHz single crystal transducer and compared to conventional Gaussian modulated pulses of equal peak negative pressure. We measured a signal to noise ratio increase of up to 9 dB in chirp IVUS images. This study revealed a few limitations inherent to chirp IVUS that potentially offset the SNR advantage. The length of the chirp coded excitations had to be limited in time because of the necessity with IVUS to image targets immediately adjacent to the transducer. Long excitations could mask structures of interest such as vulnerable plaques that can be in direct contact with the catheter. Another limitation is the transducer bandwidth. Longer chirps with broader bandwidths would allow the reduction of the sidelobe level and the improvement of the main lobe resolution. The 153 um chirp resolution achieved is similar to the resolution of a Gaussian modulated pulse emitted at 25 MHz. By lowering the center frequency from 34 MHz to 25 MHz and considering a 5 mm pulse echo travel in cardiac tissue (attenuation of 0.052 dB/mm/MHz) [13] , the SNR enhancement would reach 4.5 dB compared the 9 dB observed with the chirp excitation in Figure 4 . The ex vivo artery result shows a clearly enhanced SNR which allows for a more accurate contour detection in the plane of interest. IVUS currently is the gold standard in clinical practice to assess the geometry and size of the coronary plaques in vivo [14] .
In order to detect VV channels that are below the resolution limit of IVUS, chirp contrast imaging methods are going to be evaluated, such as chirp reversal contrast imaging [15, 16] . The use of chirp excitations for contrast imaging also provides an enhanced SNR which is critical to detect VV beyond the plaque. For that reason, IVUS chirp imaging shows strong potential for intravascular detection of coronary wall microvasculature.
